Although catecholaminergic polymorphic ventricular tachycardia (CPVT) is associated with fatal ventricular arrhythmias and sudden death, the ECG findings are not fully understood. In this paper, we report on alterations in the U-wave.
THE U-wave is normally recognized as a low amplitude wave following a Twave, however, its genesis or origin remains controversial. [1] [2] [3] [4] There are clinical settings in which abnormal U-waves can be observed: prominent U-waves in hypokalemia, 5) inverted U-waves in myocardial ischemia, [6] [7] [8] ventricular hypertrophy or dilatation, 9, 10) or alteration in the amplitude in ischemic heart disease or in idiopathic ventricular tachycardia.
Recently, we experienced 7 patients with catecholaminergic polymorphic ventricular tachycardia (CPVT), which is one of the primary electrical diseases of the heart and associated with fatal ventricular arrhythmias. 12, 13) Gene mutation in the cardiac ryanodine receptor (RyR2) has been confirmed in 50% of patients. [14] [15] [16] [17] The mechanism of ventricular tachyarrhythmias in CPVT is considered to be a triggered activity due to delayed afterdepolarization (DAD). [18] [19] [20] [21] DAD is known to be augmented if intracellular calcium overload occurs in the presence of an abnormal ryanodine receptor. 14, [19] [20] [21] Altered calcium cycling is now believed to result in alteration of repolarization and T-wave alternans and T-wave alternans is established as a strong predictor of arrhythmogenic risk, [22] [23] [24] but such an ECG marker of repolarization has not yet been evaluated in CPVT in which abnormal calcium cycling is highly possible. [17] [18] [19] [20] [21] 25) We observed macroscopic alteration in the U-wave: alternans in 2 patients and a change in the polarity after a pause among 7 patients with CPVT.
METHODS
Patients: Seven patients were referred to Niigata University Hospital and Okayama University Hospital for further evaluation of ventricular tachyarrhythmias. All patients had polymorphic ventricular tachycardia and bidirectional ventricular tachycardia with or without ventricular fibrillation. All of these arrhythmias were induced by exercise or by infusion of isoproterenol (Table) . Routine examinations excluded structural heart diseases or ischemic heart disease. The ventricular tachycardias were not induced by programmed electrical stimulation. 26) Of these, 2 de novo mutations were confirmed in 3 patients from 2 families as reported elsewhere. 15, 16) ECG findings: The ECGs of 7 patients had normal PR and QT intervals as well as QRS complexes but they showed a relatively slow heart rate (43-60 beats/ min.) The U-wave was within the normal range in all patients (Table) .
The first patient was a 20-year-old male (case 1) and polymorphic ventricular tachycardia and ventricular fibrillation were induced on exercise at another hospital and DC shock was used to restore sinus rhythm. He visited Niigata University Hospital for further evaluation.
His resting ECG was normal ( Figure 1A ) and other examinations resulted in normal findings. No ventricular arrhythmia was induced in an electrophysiologic study by programmed ventricular stimulation, but infusion of isoproterenol induced frequent premature ventricular beats and bidirectional ventricular tachycardia as shown in Figures 1B and 1C .
The ECG was normal and showed a normal U-wave without alternation in the control state ( Figure 2A ). In an electrophysiologic study, rapid ventricular pacing was attempted at progressively higher rates and immediately after pacing at 160 beats/min for 10 seconds, an alternating U-wave was found in the precordial leads ( Figure 2B ). The RR interval showed a slight variation but the amplitude of the U-wave was not closely related to the variation of the RR interval. After rapid pacing at lower or higher rates, such alternation was not evident. A novel mutation was confirmed in the ryanodine receptor as reported elsewhere. 15) The second patient was a 23-year-old female (case 2) and her resting ECG was noncontributory: sinus rhythm at 60 beats/min with normal PR and QT and a normal U-wave. She was referred to Okayama University Hospital. During twostep exercise testing, a polymorphic ventricular tachycardia was induced ( Figure  3A) and exercise was stopped. Five minutes after the cessation of exercise, Uwave alternans was observed in the precordial leads, V 3 -V 6 ( Figure 3B ). Though the RR interval varied a little, the amplitude of the U-wave was not related to the varying preceding RR interval. The phenomenon was transient and an ECG 8 minutes after exercise showed no alternans of the U-wave.
The third patient was a 57-year-old female (case 6 and the mother of case 7). She developed palpitations and syncope on exertion and Holter ECG showed frequent polymorphic ventricular tachycardia ( Figure 4A ). There was a history of sudden cardiac death in the family and a novel mutation was found in the ryano- Figure 1 . A: Before the ventricular pacing, a small but stable U wave can be seen. Rapid ventricular pacing was performed for 10 seconds up to 210 beats/min to induce VT. B: After ventricular pacing at 160 beats/min, U-wave alternans can be clearly seen in V 3 and V 5 . The RR interval showed variations but the alternans was not related to the varying preceding RR interval.
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No 3 dine receptor. 13) She was treated with beta-blockers which suppressed exercise induced ventricular arrhythmia, but only partially, and she was referred to Niigata University Hospital for further evaluation. Routine examinations were normal and structural heart disease was not found. The coronary angiography performed at another hospital was normal.
Her ECG showed normal tracing except for the negative U-wave in precordial leads V 4 to V 6 . An intermittent pause during continuous tracing was due to sinus arrest or arrhythmia ( Figure 4B ). The beat following a pause showed a positive U-wave which returned as a negative one within 5-6 beats. This pause dependent change in the polarity of the U-wave was reproducible and a concomitant change in the T-wave was observed. Figure 3 . ECG of a patient with catecholaminergic polymorphic ventricular tachycardia. The patient was case 2 and polymorphic ventricular tachycardia was easily induced by two-step exercise testing (A). It disappeared soon after cessation of the exercise and at 5 minutes into the recovery phase, Uwave alternans was observed in the precordial leads (B). They were most clearly in V 3 -V 5 .
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DISCUSSION
CPVT is a primary electrical disease of the heart and is associated with fatal ventricular arrhythmias. [12] [13] [14] [15] The ventricular arrhythmias are precipitated by emotional and physical stress and recent genetic studies have shown a mutation in RyR2. [14] [15] [16] 18) The mutation of RyR2 in CPVT has been shown to increase the probability of the Ca-channel of sarcoplasmic reticulum opening, leading to intracellular Caoverloading, [18] [19] [20] [21] and the ventricular arrhythmias found in CPVT are believed to be due to a triggered activity. 17, 18) However, there is no marker in the surface ECG Figure 4 . Pause-dependent change in U-Wave polarity. The patient was a female (case 6). A: Holter ECG showed polymorphic ventricular tachycardia on exercise. She had been treated with a beta-blocker and then visited our hospital. Her ECG showed intermittent prolongation of the RR interval because of sinus arrest or sinus arrhythmia (B). Negative U-wave was clearly seen in the precordial leads but immediately after a pause, it became positive and returned to being negative in 5-6 beats (upper). Following sinus arrhythmia, it became less negative (lower). A gradual change in the T-wave was also noted. CM5/NASA: Standard leads used in Holter ECG.
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Vol 47 No 3 or in an electrophysiologic study predicting the arrhythmogenic risk in CPVT. All 7 patients studied at the 2 institutions (Niigata University Hospital and Okayama University Hospital) could be diagnosed as CPVT. Of note, we found unexpected changes in the U-wave in 3 of the 7 patients: U-wave alternans in 2 patients and a change in the polarity of the inverted U-wave after a pause in 1 patient. The pause-dependent change in U-wave polarity was associated with a change in the T-wave.
Changes in the amplitude of the U-wave might be observed in some patients with ischemic heart disease during exercise stress testing 6, 8) or following a pause after premature ventricular contraction in patients with idiopathic ventricular tachycardia 11) or long QT syndrome, 27) but alternans of the U-wave has not been reported. Similarly, though an inverted U-wave is considered as a hallmark for the presence of myocardial ischemia or hypertrophy, [6] [7] [8] [9] [10] a prompt change after a pause has not been previously reported as found in the present study. The mechanism and the significance of such peculiar changes in the U-wave need to be determined.
Macroscopic T-wave alternans is often observed in heart failure patients 28) or in patients with long QT syndrome 27) and is associated with a poor prognosis and can be a marker of arrhythmogenic risk. Furthermore, microvoltage T-wave alternans, which is a heart rate-dependent measure of repolarization, 22) has been shown to be a strong predictor of spontaneous ventricular arrhythmias or death. [22] [23] [24] T-wave alternans has been shown to result from alteration of cardiac repolarization at the cellular level, and the heart rate at which myocytes exceed the capacity to cycle intracellular Ca 2+ is crucial for T-wave alternans to develop. 29, 30) In a single cell, 25) a tissue sample, 31) and in the intact heart, 32) T-wave alternans has now been shown to be closely associated with intercellular Ca cycling rather than action potential duration restitution.
Since the release of calcium from sarcoplasmic reticulum has been shown to promote both intercellular Ca 2+ alternans and action potential duration alternans, 25) T-wave alternans might be expected to occur very often in CPVT, however, this has not yet been proven. The relation between the abnormal Ca 2+ cycling and U-wave alternans needs to be determined in the future.
In summary, we have presented 3 patients with CPVT who showed U-wave alternans or a sudden change in the U-wave polarity after a pause. Altered intracellular calcium cycling in CPVT may be related to such peculiar ECG findings, however, its pathogenesis or relation to arrhythmogenicity needs to be studied further.
